Nanopillar spin valve devices are typically composed of two ferromagnetic layers: a reference layer and a free layer whose magnetic orientation can be changed by both an external magnetic field and through the introduction of spin-polarized electric current. Here we report the continuous repeated switching behavior of both the reference and free layers of a perpendicular spin valve made of Co/Pd and Co/Ni multilayers that arises for sufficiently large dc currents. This periodic switching of the two layers produces an oscillating signal in the megahertz regime, but is observed for only one sign of the applied current. The observed behavior agrees well with micromagnetic simulations.
I. INTRODUCTION
T HE use of giant magnetoresistance (GMR), tunneling magnetoresistance, and related spin torque switching devices and their ability to exploit electrical control over magnetization dynamics has sparked extensive development for applications in data recording, magnetic memory, and spin torque nanooscillators [1] - [4] . The basic phenomena of spin torque occur for current flowing through two magnetic layers separated by a nonmagnetic spacer where the current becomes spin polarized by transmission through or upon reflection from the first magnetic layer (the reference layer) and interacts with the second ferromagnetic layer (the free layer). The spin torque interaction with the free layer can lead to deterministic switching or high-frequency oscillations of the free layer.
In most devices, the reference layer is designed to be stable in response to spin torque interactions so that the switching behavior of the device depends solely on the action on the free layer. However, for sufficiently high currents, the interactions with the free layer can destabilize the reference layer [5] . More generally, one expects that the mutual interaction between the layers should cause the two layers to rotate in the same direction in a pinwheel-like motion as originally predicted in [6] and discussed for layers with in-plane magnetic anisotropy in [7] . A similar behavior may be expected for spin valve devices with perpendicular magnetic anisotropy (PMA) [8] as schematically shown in Fig. 1 where each magnetic layer is considered as a macrospin. Assuming that you start with a parallel alignment [ Fig. 1(a) ] and positive dc currents (negative electron flow), the spin torque interactions will stabilize the reference layer and destabilize the free layer (as a result of the back flow of down spin electrons reflected from the reference layer) causing the free layer to switch to the configuration shown in Fig. 1(b) . This is the standard operation of a memory cell where current is used to set the direction of the free layer. In this configuration, the spin torque interaction now stabilizes the free layer, but will tend to destabilize the reference layer, which, for sufficiently high currents, should then switch to Fig. 1(c) . In memory cell applications, the current is below that needed to perturb the reference layer. In the configuration of Fig. 1(c) , the spin torque interaction will again destabilize the free layer causing it to switch to the configuration in Fig. 1(d) . Finally, the spin torque interaction will cause the reference layer to again switch to Fig. 1(e) , which is the starting configuration [ Fig. 1(a) ], and the process repeats.
As the layers reverse, the system oscillates between the parallel and antiparallel configurations causing a periodic change in the resistance. This behavior should be, in principle, independent of the current flow direction. In this paper, we observe, for the first time, the pinwheel motion in magnetic spin valves with PMA as schematically shown in Fig. 1 [3] , [4] where the resistance oscillates in a periodic fashion. For typical spin torque nanooscillators, the oscillations result from precessional motion of the magnetic layer giving oscillation frequencies in 0018-9464 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. the gigahertz range [9] . However, pinwheel motion requires periodic reversal of the direction of the magnetic layers, which is typically on the nanosecond or longer time scales [10] . Thus, the expected oscillation frequencies are in the megahertz range.
II. NANOPILLAR
The experimentally studied devices are identical in structure to those in [5] Both reference and free layers have PMA due to the Co-Ni and Co-Pd multilayer structure [11] . The reference layer has higher anisotropy and is magnetically harder due to the additional repeats of the Co-Pd multilayer. The films were grown by dc magnetron sputtering onto Si(100) wafers coated with a 200 nm thermal oxide. The nanopillars were patterned by e-beam lithography into various geometries. In this paper, we focused on 120 nm diameter circular nanopillars.
III. MEASUREMENTS
The electrical characterization was carried out using an ac lock-in amplifier with the current flowing perpendicular to the plane. We also applied an external magnetic field normal to the layers. In a four-wire measurement, these devices exhibited a GMR ratio ranging from 0.5% to 1.1%. The coercive fields were, respectively, ∼250 and ∼3000 Oe for the free and reference layers (Fig. 2) , and the effective dipolar field acting on the free layer from the reference layer is 180 Oe as reflected in the shift of the minor loop in Fig. 2(b) .
We determined the minimum current to perturb the reference layer direction using the approached outlined in [5] where both layers are set to the P state; we apply a large current for 1 s, and then measure the response of the spin valve at low fields to see if there was a change in the reference layer. From these measurements, the I -H switching boundaries of the reference layers for the nanopillar can be determined. Comparing these results with previous measurements, we know that the critical current for free layer switching is much lower than for the reference layer [8] .
Due to the spin torque efficiency dependence with respect to direction of current in metallic systems [12] , one current direction has greater efficiency in switching the reference layer as shown in Fig. 3 . For electrons flowing from the free layer to the reference layer, we see a higher efficiency (as reflected in the increased slope in the I -H boundary) in reference layer switching than for electrons flowing in the opposite direction. In contrast to the conventional operation of a spin valve, current from the free layer is switching to the reference layer state, which is an essential condition for oscillation to occur in these devices.
High-frequency measurements were performed by applying a dc current of 10-30 mA corresponding to a current density on the order of 1 × 10 8 A/cm 2 and a magnetic field perpendicular to the plane of the sample. While the current remains constant, the rapidly changing magnetic state produces a highfrequency output that we record using a spectrum analyzer through a bias tee.
IV. RESULTS
The oscillation can occur only when the current is above the threshold value necessary to switch the reference layer (Fig. 3) . High-frequency activity can be observed for applied current up to the joule heating limit of the nanopillar device. The characteristics and behaviors are similar among devices Changing the field does little to alter the frequency at which oscillations occur. However, higher field intensity can effectively help to pin the free layer, so larger GMR signals are produced, resulting in higher output power. A 16 mA dc current was applied to the device. of identical geometry and show a demonstrable and repeatable tunability in peak frequency with respect to current (Fig. 4) where the characteristic frequency shifts to higher frequency with increasing current. While the peaks shift linearly, there is a widening of the bandwidth at higher currents due to less uniformity in the reversal behavior (as described below in the modeling).
Unlike with current, the switching frequency of the nanopillar is not strongly affected by the magnitude of the applied magnetic field as shown in Fig. 5 . Because each magnetic layer switches both directions as seen in Fig. 1 , the applied field will speed up the switching into the field direction and slow the switching in the direction opposing the applied field yielding a frequency that is relatively insensitive to the applied field. The magnitude of the signal, however, increases with increasing magnetic field. As will be detailed in the modeling below, the presence of a magnetic field increases the magnitude of the output signal by stabilizing the free layer in the field direction to increase the disparity in magnetization with respect to the reference layer, thereby increasing the change in resistance. Unlike in simple model in Fig. 1 , the oscillation behavior strongly depends on the direction of the applied current. We observe oscillations only when current polarized by the free layer flows toward the reference layer, polarization B, as shown in Fig. 3 . This may be expected as the reference layer is the harder layer to switch and the spin torque efficiency for switching the reference layer is highest for polarization B (Fig. 3) . We will further discuss that stable domain states are also observed in modeling that suppresses the oscillatory behavior for one current direction.
We can estimate the expected oscillatory frequency from [13] and [14] where we know that the switching time τ of the magnetic layers follows the form:
where A is the dynamic parameter that governs the switching rate, I is the current, and I c0 is the zero temperature critical current. Equation (1) has been experimentally shown to describe the reversal of spin torque devices with PMA layers [14] . The value of I c0 can be estimated for both the free and reference layers
where α is the damping, M s is the saturation magnetization, V is the volume of the magnetic elements, g(θ ) is the expression for the angular variation in spin torque, p is the spin polarization of current, and (H Keff − H ) is the effective magnetic field acting magnetic layer, where H Keff is the effective anisotropy field (including the demagnetization fields) of either the free or reference layers and H is the external magnetic field that includes the dipolar fields originating from the adjacent magnetic layer. The critical current for switching of both the reference and free layers in Fig. 3 follows a linear I versus H behavior as expected from (2) and has been seen before [8] . Extrapolating the measured results in Fig. 6(b) to zero frequency gives an estimated measure for I c0 = 9.8 mA, which agrees with the measured critical current results in Fig. 3 for the reference layers. However, because the measurements are at room temperature, the results in Fig. 3 slightly underestimate I c0 because thermal energy will assist switching resulting in a measured critical current lower than that predicted by (2) for longer times [10] .
Since I c0 for the reference layer is much larger than the free layer, the switching dynamics of the reference layer have a greater influence on the speed at which the system oscillates. With the frequency inversely proportional to the time constant τ , (1) predicts the linear relationship between current and frequency that we see in measurements.
While the applied bias field may affect signal intensity and noise, the effect does not significantly change the fundamental speed at which the device switches as shown in Fig. 5 . Notably, I c0 in (2) changes as the applied field changes, causing τ to change; while we may initially expect this to significantly impact the frequency of oscillation, we have in fact four switching events, the P-AP and AP-P switching for both reference and free layers, τ f_p−ap , τ f_ap−p , τ rp−ap , and τ r_ap−p . For varying low values of field, as the P-AP switching time increases, the AP-P time decreases and vice versa, resulting in very little change in the fundamental oscillating frequency when H H Keff .
V. SIMULATION DATA
To further understand the pinwheel oscillations, we have performed detailed micromagnetic simulations using parameters derived from characterization of these films. A 120 nm circular disc nanopillar was simulated with the FastMag simulation software [15] as well as the LLG micromagnetic simulator using the parameters presented in Table I . A 1000 Oe field is applied along the direction perpendicular to the film plane. The ac response is presented in Fig. 6(a) , and the transient response is shown in Fig. 7(a) and (b) .
The simulation results show behavior that closely matches the response of the measured devices as shown in Fig. 6(b) . We speculate that the slight deviations between the experimental and simulated oscillation frequencies are likely from deviations between the input parameters and actual device characteristics. In addition, these are zero temperature simulations where joule heating is also not calculated. The transient analysis in Fig. 7(a)-(d) portrays the output characteristics from the interactive switching behavior between the free and reference layers. The switching behavior is characterized by inhomogeneous magnetic configurations in each of Fig. 8 . Simulation data visualized in both relative P and AP states with identical axis orientation on both layers. This visualization illustrates the nature of the magnetic configuration during oscillation. Neither layer is able to have its moment fully polarized within the layers. Thus, these are not absolute P or AP state as shown in Fig. 1 , but rather (a) relative P and (b) relative AP states. the layers. This inhomogeneous switching in PMA devices has been well established from the presence of domain state in the free layer [16] , [17] and direct imaging of the nonuniform reversal by time-resolved X-ray microscopy [18] . Domain states have also been observed in reversal of the reference layers by spin torque switching [5] . We similarly observe nonuniversal reversal of both the free and reference layers in our simulations.
In the model, the layers begin to switch when the opposite layer reaches a sufficient magnetization in the opposite orientation. Because of this, we never observe the full uniform states schematically shown in Fig. 1 . Both layers are able to begin switching before either layer is fully saturated, resulting in only a percentage of the device magnetoresistance contributing to the RF signal [ Fig. 7(b) and (c) ]. In Fig. 8 , we show the snapshots of specific magnetic configurations. The application of an external applied field helps to achieve a uniform state, particularly in the free layer, increasing the output voltage. This nonuniform response results in the broad frequency response at a given current and relatively low Q. Thus, the schematic shown in Fig. 1 is an oversimplification.
The simulations further show that the system can lock into a stable nonoscillating state. This was observed with the current applied in the opposite polarization as Fig. 7 but for otherwise identical conditions. This state has a parallel alignment of the magnetization between the free and reference layers. This stable state may explain why no oscillation signal is observed for this current direction in physical devices. However, the simulations do suggest with sufficient current, the device may oscillate even in this current direction, although it exceeds the joule heating limit of the devices.
VI. CONCLUSION PMA nanopillar spin valves exhibit tunable oscillations from repeated and high-speed switching of both free and reference layers. It is observed that these devices are able to switch at a frequency in the microwave regime using only dc sources and that the overall switching behavior is dominated by the characteristics of the reference layer. For current in the reverse direction, these devices tend to lock into a stable state.
